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TEXT Hydrogen spillover onto catalyst support materials -defined as the net migration of hydrogen atoms from a hydrogen-rich metal surface onto a hydrogen-poor metal oxide supporthas been a controversial topic in heterogeneous catalysis since its first identification for a platinum catalyst in contact with WO 3 in 1964. 1 It is a topic which has been reviewed well elsewhere 2 -and most recently by Prins. 3 It is a topic of tremendous importance in understanding the molecular level mode of operation of heterogeneous catalysts where hydrogenation or dehydrogenation occurs -a grouping that includes of wo ' jo c c processes.
Hydrogen spillover onto reducible oxides (WO 3 , CeO 2 etc.) is a widely accepted process and we have recently demonstrated using in situ diffraction that it can dramatically expand the lattice size of CeO 2 when hydrogen spills over from Pt to CeO 2 , causing reduction of the oxide (Ce 3+ is substantially larger in size than Ce 4+ ). 4 In contrast, there is very little incontrovertible evidence transfer (leading to the possibility of increased hydrogenation rates) and proton exchange is, however, an important one.
We have recently conducted work on platinum and cobalt nanoparticles as heterogeneous catalysts for Fischer-Tropsch and CO 2 hydrogenation, because precious metals including Pt are known to promote these important reactions, but their exact role remains subject to debate. When starting with CO 2 as a reactant two products dominate, CO (Reverse Water Gas Shift, RWGS) and CH 4 (methanation). 10 On identifying that bimetallic CoPt nanoparticles initially prepared as a homogeneous alloy, underwent Pt surface-segregation in reducing atmospheres, and were thus not capable of CO 2 methanation, 11 we have moved to look at individual Pt nanoparticles and Co nanoparticles as an improved model for such catalysts. With both Pt and Co monometallic nanoparticles deposited nearby to one another, we measured a promotional effect in catalytic methanation reactions and identified (using in situ X-ray spectroscopy in H 2 ) that nearby Pt nanoparticles were able to enhance the reduction of Co nanoparticles deposited within the same film (for a film of only one nanoparticle depth). 12 We therefore proposed that hydrogen atom transfer seen to be occurring during in situ reduction monitored by NEXAFS was also enhancing the rate of reaction by removing surface oxide that is formed when CO 2 dissociates on the cobalt surface (See Figure 1(a) ). The stepwise process in which Pt nanoparticles dissociate hydrogen and it then migrates as H-atoms to cobalt nanoparticles, where the CO 2 reduction to methane can occur, offers an excellent tool for exploring hydrogen atom migration (we have previously shown pure Pt does not produce any methane 11 ). In the present study we investigate the effect on the reaction kinetics of increasing the spacing between the Pt and the Co nanoparticles. The decrease of the apparent activation energy to approximately half its value on pure Co when the distance between Pt and Co particles is large suggests diffusion limitation is occurring in the latter case. We attribute this to the diffusion limited migration of hydrogen atoms from Pt to Co nanoparticles. within the silica matrix. For Cobalt, although it is clearly present, the higher concentrations and lower contrast (as seen by comparison to the dark field image in Figure 2 (b)) mean that the Co cannot readily be identified as discrete particles using the STEM EDS technique when probing through these thick 3D materials (as required to identify discrete Pt particles). Confirmation of the expected cobalt to platinum ratios is arrived at instead by dissolution of the metal phase in aqua regia and the subsequent ICP-AES analysis as presented in Table 1 . Figure 1 ) deposited in the pores of mesoporous (MCF-17) silica. Schematics of catalysts indicate approximate proximity of Co (purple) and Pt (red) on MCF-17 granules (grey) as a result of the powder or colloidal solution mixing procedures described in the experimental methodology. c Conversion to a specified product as a % of total CO 2 available for reaction.
d Turnover frequency in CH 4 molecules produced per surface Co atom per hour, calculated as described in the supporting information.
Firstly, it can be clearly seen that the turnover frequencies (per surface cobalt atom) in Table 1 indicate there is a significant enhancement on the rate of methane production (3-4 times) when only small numbers of Pt particles are added (circled numbers). This is true whether prepared by mixing the Pt and Co as silica supported powders or mixing at the colloidal solution stage. In contrast, the production of CO does not vary markedly -an interesting observation as it suggests that the two mechanisms (RWGS and methanation) are not directly coupled in CO 2 reduction.
Consistent with this, only traces of higher molecular weight products are seen (expected under 10 these conditions for CO and H 2 reacting, suggesting that CH 4 is formed directly and is not a secondary product resulting from re-adsorption).
It is also worthwhile noting that the pure platinum nanoparticles produce no detectable methane and even after accounting for the metal loading and nanoparticle size, produce only slightly more CO than their cobalt analogues. Accordingly, the enhanced rates of methanation in the presence of small (<5%) numbers of platinum particles is not the result of platinum increasing the carbon monoxide concentration (secondary reactions) or of producing methane directly.
Although the numbers in Table 1 suggest there is little difference in the enhancement as a result of colloidal solution or powder mixing this is not the case as the temperature is varied. 18
The results presented above are strongly indicative of a reaction mechanism involving net hydrogen atom migration. However, it should be noticed in the present case that the proposed mechanism requires only H atom migration across support sites. This is a key difference to many previous studies,3 where attempts have been made to identify hydrogen spillover by looking for 13 a population of atomic hydrogen on the support or long enough lived spillover hydrogen atoms to have time to react at low density support sites. While the arguments put forward that unfavorable energy cost of hydrogen atom spillover to non-reducible supports would prohibit its occurrence, this only holds for obtaining a significant fraction of the total hydrogen atom population on the support and not for temporary thermally activated migration. Silica is a nonreducible support and so H-atom migration cannot occur via reduction and separate transfer of a proton and an electron -a process that further complicates the picture when reducible materials such as CeO 2 or TiO 2 are used as supports -a topic that may be interesting to explore in future studies.
It could potentially be argued that the reason for this phenomenon being observed here is due to hydrocarbon contaminants migrating away from the active metal on dilution with a second catalyst support material, as was observed with the addition of alumina to Pt/SiO 2 used in ethylene hydrogenation, and initially incorrectly ascribed to hydrogen spillover.8 However, this fails to offer a good explanation for the drop in activation energies above being precisely what would be expected for a diffusion limited process (and the absence of a rate difference at higher temperatures). Migration of hydrocarbon contaminants is also not consistent with the only slight decrease in total cobalt metal loading on the more active catalysts (rather than the dramatic increase in support material for the case described above).
In summary, preparation of Co-Pt catalysts using both individual size controlled Pt nanoparticles and Co nanoparticles rather than bimetallic particles results in a turnover rate enhancement for CO 2 methanation of ×3 versus the pure cobalt nanoparticles at low temperatures (typical of Fischer-Tropsch catalysis in which Pt promoted Co catalysts are commonly employed). This holds true whether deposited within the pores of a single sample of mesoporous silica, or separate batches of mesoporous silica which are subsequently mixed together.
Arrhenius plots for CO 2 methanation by the different catalysts indicate a dramatic drop in apparent activation energy as Pt is introduced; an effect that becomes more pronounced when the average Pt to Co distance is increased. This implies the reaction becomes transport limited by introducing the Pt nanoparticles as a promoter. We suggest the origin for this is that dissociated hydrogen atoms migrate across the silica surface to reduce surface oxide formed on the cobalt by the CO 2 dissociation step in the reaction. This suggests hydrogen spillover onto a non-reducible silica support, while it may not give rise to large populations of H-atoms on the support, can effect the migration of dissociated H-atoms between metal objects some distance apart from each 
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